Resin transfer moulding (RTM) is a widely used manufacturing technique of composite parts. A proper selection of process parameters is the key to yield successful moulding results and obtain a good part. Among other things, when thermoset resins are processed, the shrinkage that occurs due to the polymerisation reaction further complicates the situation. In this paper, a finite difference analysis is proposed to simulate the effect of thermal and rheological changes during thin plates cooling after processing. Classical Laminate Theory is here implemented to compute composite internal stresses resulting from these thermo-rheological conditions. Laminate stresses are then computed and warpage obtained with the proposed numerical algorithm. Samples of thin plates were moulded combining two glass reinforcement materials. During cooling, after processing plates warpage was recorded and results compared to model predictions. This analysis presents the basis of a further numerical optimisation for thick composite parts.
INTRODUCTION
As the composite industry grows, thick parts and pieces of complex shape have become more common. The composite components for structural applications require larger cross-sections than for non-structural applications. The curing of thick parts is challenging because of the low thermal conductivity of the composite and the high heat of reaction generated during the cross-linking polymerisation. This combination of low thermal conductivity and large heat source in the part during cure can lead to significant thermal gradients and temperature peaks. This generates residual stresses and may result in polymer degradation. In order to improve the quality of thick composites, the processing temperature needs to be controlled so that thermal gradients remain small. This typically means that for thick parts, the mould temperature needs to be lower than for thin parts. Also, the chemorheology and cure kinetics may be considerably different from what is observed at higher temperatures. The reinforcing fibres are not really affected during the process cycle, but the polymer matrix can shrink during cross-linking by as much as 9% [1] . As well as chemically induced shrinkage, there are also thermally induced deformations during processing. The fibres show a small thermal expansion coefficient along their longitudinal axis that produces little deformation at the curing phase. The polymer matrix has a much higher thermal expansion coefficient and is more affected by temperature changes. During part processing, these different thermal behaviours induce residual stresses. When curing fibre-reinforced composites, the induced residual stresses can have a significant effect on the part quality and mechanical properties promoting warpage or initiating matrix cracks and delamination [2] . The purpose of this paper is the study of chemo-mechanical properties of the composite, and validates a numerical model of heat transfer and stress calculation through the thickness of a composite. The intention of the numerical model is to assist in the future finding optimal temperature cycles to avoid highly induced stresses in thick parts. Firstly the thermal phenomenon in composite parts is presented and energy equation stated. Then models of volume changes as well as material behaviour during composite processing are presented. Both models are depending on fibre volume fractions, temperature and degree of polymerisation. A *Presented at COMP03 Conference, CorfuGreece Edu Ruiz, Francois Trochu and Raymond Gauvin methodology for predicting residual stresses during and after processing of composite laminates was developed. Classical Laminated Plate Theory (CLT) was used to compute internal stresses. Thin composite plates were moulded combining two fibre reinforcements to induce warpage after processing. For each specimen, plate deflection (warpage) was recorded during cooling. The numerical methodology was implemented to predict cooling stresses and induced warpage of the plates. Experimental results are finally compared to numerical values and concluding remarks detailed.
HEAT EQUATION
In the present work the simulation of heat transfer is analysed through the thickness of the composite part. An instantaneous equilibrium temperature is assumed to be reached between the resin and the fibres at each instant of the thermal analysis. This corresponds to the lumped approach of Lin et al. [3] . The transient absolute temperature T t,z at time t and position z, through the total part thickness H is given by the onedimensional Fouriers heat conduction equation:
where the thermal properties are those effective properties of the composite (resin + fibres) obtained with a rule of mixture.
THERMO-MECHANICAL MODEL-LING
The need to predict accurately the intrinsic behaviour of the material and the properties of the resulting part is vital to determine part quality and achieve process control. As thermo-kinetic properties do, mechanical properties of the resin vary as the part cures. Some authors [4] [5] [6] have considered a linear correlation between the mechanical properties and the resin degree of polymerisation for different thermosetting polymers. For the unsaturated polyester resin used on this work (T580-63 from AOC), mechanical properties were measured with a dynamic mechanical analyser (DMA 2980 TA Instruments) as a function of temperature and polymerisation degree. It was found that long after the gel point, for a polymerisation degree less than 40%, the resin elastic modulus is still very low (below 10 MPa). This polymerisation degree, that we call here the After Gel Point (AGP), was then taken as base line to analyse the properties evolution at higher polymerisation levels. Resin samples cured at the AGP stage were mechanically tested on the DMA during a specified curing cycle. As showed on Fig. 1 , elastic modulus increases from its value at the AGP (E agp ) until it reaches a maximum considered as the fully cured modulus (E c ) for 97% of the total resin polymerisation. Measured values depict a non-linear correlation between DMA mechanical properties and polymerisation degree from calorimetric measures. This relationship was model by combining a hyperbolic cosines law that properly describe the temperature dependence of the elastic modulus (see equations below) with two functions to account for the polymerisation degree ( F r a ) and glass transition temperatures (
A convenient a-mixing rule is used here in order to approximate the variations of material properties between the AGP level (a agp ) and the cure degree where E reaches its ultimate value (a ult » 97%). Furthermore, the presented model accounts for the glass transition temperature dependence of the resin elastic modulus by a temperature shift factor (F r Tg ). This factor considers the transition to complete viscoelastic relaxation at vitrification (or when material is at the rubbery state, i.e. T ³ T g a). Constants a, b, c, d and e of equations (3 to 6) were obtained by implement-
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ing a Genetic Algorithms Search Engine that properly fit the models to the measured data. Subscripts r, c, g and agp of these constants denote resin, composite, glass transition and after gel point. Fig. 2 shows DMA measurements of several resin specimens cured at different polymerisation degrees between the a agp and a ult levels. The predictions of the proposed thermo-chemical model exhibit relatively good agreement with experimental data for all tested samples. In the case of shear properties, two possible approaches may be used, Levitsky and Shaffer [7] assumed the plain strain bulk modulus to be constant during cure so that elastic moduli and Poissons ratio vary as part cures. On the other hand, Bogetti and Gillespie [4] considered the Poissons ratio constant over the processing. They found that differences on resin Poissons ratio during cure have no significant influences on the macroscopic composite properties, process-induced strains and residual stresses. Both models predicted nearly identical values of elastic and shear modulus. Poissons ratio is also expected to relax to ~0.5 as the thermosetting polymer approaches the rubbery state, nevertheless it was found by OBrien et al. [8] that the effect on shear moduli is relatively minor. According to these researchers, the variation of the Poissons ratio has no significant effect. For that reason, in this work we have used a constant value (n r = 0.35) which was measured at room temperature on a fully cured sample. The instantaneous resin shear modulus during cure is based on the isotropic material relation:
The effective homogeneous mechanical properties of the composite laminate are highly dependent on the matrix and reinforcement constituent properties and its volume fractions. Thermal and mechanical properties of the reinforcement may be considered constant and independent of temperature and polymerisation degree, while matrix properties vary during processing according to the models previously presented. Although a self-consistent micro-mechanical model [9] was initially used to determine reinforcement properties, over-predictions were found at temperatures close to the matrix glass transition. Empirical models were then implemented to estimate composite elastic modulus F ( as function of temperature T and fibre volume fractions V f for the two principal fibre directions.
( ) ( )
where A and B are fitting constants for each material direction (i=1,2). Two reinforcing materials have been used in this study to analyse thermal effects on processing stresses, a continuous glass random mat U101 from Vetrotex and one bi-directional balanced non-crimp glass fabric NCS 82620 from J.B. Martin. Fig. 3 Fig. 5 the range of validity considered for tested materials. 

MODELLING OF VOLUME CHANGES
Some experimental studies have been conducted to gain insight into the volumetric changes that occur during thermoset polymer processing, Hill et al. [10] measured the volume changes during curing due to temperature variation and degree of polymerisation for unsaturated polyester resins. Hill proposed that the overall volumetric changes of a thermoset resin during curing can be considered as a combination of thermal expansion or contraction and polymerisation shrinkage. Therefore it can be written as follows:
The first term on the right hand side represents the bulk thermal expansion/contraction contribution, which can be expressed by:
where b gel and b cured are the coefficients of thermal expansion (CTE) of the gelled and fully cured resin respectively. Note that the CTE is assumed to vary monotonically with the polymerisation degree a. The second term on the right hand side of equation 9 represents the contribution of chemical shrinkage (i.e., volume shrinkage induced by the resin cross-linking during polymerisation). Resin shrinkage was measured by using a thermomechanical analyser (TMA 2940 from TA Instruments) as function of the degree of polymerisation. An acceptable linear relationship expressed by equation 11 was experimentally obtained for the polyester resin tested. The total polymerisation shrinkage l chem for the fully cured sample was about 7%. ( )
Composite samples of NCS 82620 and U101 reinforcements were also measured (see figure 6 ) in the three principal directions (i.e. Longitudinal, Transverse and Through-Thickness) and model as follows:
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where d = L,T, and T-Thickness.
STRAIN-STRESS MODELLING
In the present analysis, it is assumed that the Classical Laminated plate Theory (CLT) is applicable to the infinitesimal regions of the composite unit cell. By introducing the expressions of the thermochemical dependent mechanical properties into the formulation of the CLT, for loading of thermal and chemical origins, it can be written:
where the strain vector is defined as:
In order to account for the potentially nonlinear behaviour of the material, the stiffness matrix
a should be calculated at each processing time. In this way, [C j ] is the algebraic average of [C j ] t and [C j ] t+dt . A step-by-step computational method has been used to predict laminate thermochemical response during processing. At each running step, planar stresses and out-of-plane curvatures are computed from the strains induced by thermal gradients and chemical changes of the composite.
ANALYSIS OF THIN COMPOSITE PLATES DURING COOLING
The properties and durability of composite parts manufactured with thermosetting matrix materi- als are strongly affected by internal stresses. The source of internal stresses depend on material properties and on the processing conditions, they are most commonly created during manufacture as result of thermal and mechanical behaviour differences between the phases the constitutive materials go through. Internal stresses may lead to defects in the part both during processing, in the form of voids and microcracking, or after manufacture, as warpage and spring-in, premature delamination or debonding. In this work, to identify part defects caused by internal stresses after processing (during cooling), thin composite plates, 50 cm length by 10 cm width and 3 mm thick, were moulded using several combinations of NCS-82620 fabric and U101 mat. As showed on Fig. 7a , NCS and U101 plies were asymmetrically layered. Differences on the linear CTE and mechanical properties at each reinforcement side obviously generate warpage phenomena on moulded plates. Thermocouples were embedded between plies to measure throughthickness temperature profiles during processing. Plates cured at 120°C showed a warpage in the form of a curvature in the longitudinal as well as in the transverse direction, as depicted on Table 1 . It is appropriate to remark that special care must be taken on the specimen preparation, mainly due to the surface density variation of the U101 mat. Non-uniforms surface densities of the mat result in variable plate thickness after curing, and the assumption of cylindrical deflection may not correctly predict the experiment values. After curing, three plates were re-heated and maintained during 20 min at 150ºC which is above their glass transition temperature, allowing matrix to relax. Once residual stresses were relaxed, flat plates were cooled to room temperature while recording temperature profiles and deflection with time. A typical result of temperature and deflection recorded during cooling is presented in Fig. 8 . On Fig. 9 , experimental results of two specimens are compared with those predicted by the thermo-mechanical model. For the three specimens, the error between measured and calculated values was relatively small. As reported in Table 2 , an error of less than 2% was found for the tested plates. These tests on thin plates are used to experimentally corroborate the proposed thermo-mechanical model, and suggest that the quality of the model predictions for internal stresses of thermal origin is excellent.
CONCLUSIONS
In this paper, models are proposed to describe changes in composite mechanical properties as a function of fibre volume content, temperature and polymerisation degree of the resin. These models were used for two reinforcing materials (NCS-82620 fabric and U101 mat), embedded in a polyester resin (T580-63 from AOC). Energy equation was solved by finite differences trough the thickness of the part. The analysis of processinduced stresses in composite parts was based on Classical Laminated plate Theory. Asymmetrically layered thin plates were processed to vali- 
